The multiple dipole electrocardiographic (MDECG) method proposed earlier was evaluated further by testing its ability to diagnose and quantitate right ventricular hypertrophy (RVH). Two series of subjects were used. The first series consisted of patients with conditions giving a pressure overload of the right ventricle (RV), the RV systolic pressure (RVSP) being used to indicate the severity of RVH. The second series consisted of patients for whom a surgeon's visual estimate of RV size was available. A series of normal subjects was also used. For the first series a sensitivity of 85% for RVH diagnosis by MDECG was obtained, the specificity based on the normal series being 94%. The second, more inhomogeneous, series yielded a sensitivty of 75% and a specificity of 75%. This diagnostic performance was better than that obtained with conventional electrocardiographic or vectorcardiographic methods applied to the same patients.
SUMMARY
The multiple dipole electrocardiographic (MDECG) method proposed earlier was evaluated further by testing its ability to diagnose and quantitate right ventricular hypertrophy (RVH). Two series of subjects were used. The first series consisted of patients with conditions giving a pressure overload of the right ventricle (RV), the RV systolic pressure (RVSP) being used to indicate the severity of RVH. The second series consisted of patients for whom a surgeon's visual estimate of RV size was available. A series of normal subjects was also used. For the first series a sensitivity of 85% for RVH diagnosis by MDECG was obtained, the specificity based on the normal series being 94%. The second, more inhomogeneous, series yielded a sensitivty of 75% and a specificity of 75%. This diagnostic performance was better than that obtained with conventional electrocardiographic or vectorcardiographic methods applied to the same patients.
To assess the quantitative ability of the MDECG, the results obtained for the first series were correlated with RVSP. A coefficient of determination for r2 of 86% (standard error of RVSP estimate being 11 mm Hg) was obtained.
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Heart catheterization Vectorcardiography Electrophysiolog3 THE ELECTROCARDIOGRAPHIC (ECG) diagnosis of right ventricular hypertrophy (RVH) has been generally held to be unsatisfactory. For In regard to quantitation of RVH, we note that Hugenholtz and associates5 6 have reported an excellent correlation between the vectorcardiographic (VCG) maximum rightward spatial vector (MRSV) and right ventricular systolic pressure (RVSP) in a series of children with pure pulmonic stenosis.
In the preceding papers7' 8 we have described a new technic, based on a rational approach to the problem of obtaining information about the cardiac electrical source from electrical measurements on the body surface. We developed a multiple dipole model of the electrical heart, situated in an inhomogeneous volume conductor representation of the thorax. The "multiple dipole electrocardiogram" (MDECG) obtained reveals (in theory) the depolarization of each segment of the heart, for instance the behavior of the RV should be given independently of the LV.
Any new technic must go through an extended phase of testing, where results are compared with those obtained with established, presumably more certain, technics. In the preceding paper we tested the results concerning the LV obtained from the new method with those obtained from quantitative biplane angiography.9 It was found that the new method revealed the muscle weight of the LV rather accurately. This was accomplished in a series of patients with a wide variety of diagnoses, including pure LVH and pure RVH. This supports the belief that the MDECG gives the behavior of cardiac segments independently of other segments.
In the present paper we turn our attention to testing the ability of the method to detect the depolarization of the RV and thus to diagnose and quantitate RVH. Theoretically the RV dipole activities (RVDA) should be proportional to the amount of myocardium in the RV free wall, that is, to the right ventricular muscle weight (RVMW). In order to determine if the results obtained are correct, it is necessary also to gauge RVMW using an es-tablished method. This has been the most vexing part of the present study since, in contrast to the LV, quantitative angiography of the RV has not yet been accomplished. The standard option of doing an autopsy correlation study is not open to us at-present, since (in contrast to the situation with the standard ECG) the MDECG has not been routinely measured and is not available for the great majority of autopsy cases.
Methods
Since it is important for us to test our method as fully as possible at the present time, we used, two indicators of RVMW which, although inferior to angiography or autopsy measurements, should have some validity. They are as follows:
1. The RVSP was employed in a series of patients (series a) with conditions giving pressure overloads of the RV. This is the indicator used by Hugenholtz. However, RVSP is not a good guide to RVMW for patients in general, since the RV can also respond to volume overloads and since most conditions cannot be simply classified as causing pressure or volume overloads.
2. The surgeons' visual estimate of RV size was obtained in patients undergoing cardiac surgery (series b).
In evaluating the diagnostic performance of any method, it is necessary to measure both sensitivity and specificity.'0 Sensitivity represents the percentage of true positive diagnosis in a group of abnormals, and specificity represents the percentage of true negative diagnosis in a control group. By definition of overload, series a does not contain a control group, so that only sensitivity can be obtained from this series. Series b contains both normal and abnormal RV sizes. The RVDA criterion will be established from a series of 58 normal subjects reported on earlier.7
Subjects Series a
This series consisted of all patients for whom we had MDECGs7 and who had undergone cardiac catheterization with measurement of RV pressures and diagnosis of a condition giving an RV pressure overload. The concept of conditions giving pressure or volume overloads is somewhat oversimplied, but we included in the group with pressure overload patients with mitral stenosis, pulmonic stenosis, cor pulmonale, tetralogy of Fallot, and Eisenmenger's syndrome. Up to 33% mitral regurgita,tion was permitted in patients with mitral stenosis. Patients with aortic valve disease, atrial septal defect, mitral insuffciency Circulation, Volume XL, November 1969 with more than 33% regurgitation, ventricular septal defects with a left-to-right character, and those with other similar characteristics were excluded.
The primary diagnoses, RVSP, and RVDA for the 27 patients included in series a are shown in table 1. All patients in this series had abnormally high RVSP, so that this series gave information only on the sensitivity of the diagnostic criteria.
Series b
This series consisted of all patients who had been operated on by a particular group of surgeons and who had had MDECGs recorded. This group of surgeons routinely noted the size of the cardiac chambers. There were 32 such patients; in seven the RV was graded as normal, in one as abnormally small, and in 24 as exhibiting various grades of RVH (dilation or hypertrophy). Thus, this series can be used to give information on both sensitivity and specificity of the diagnostic criteria. The primary diagnoses and grades of RVH in series b are shown in table 1 also.
Series c
This is a series of normal subjects reported on earlier7 and used here to evaluate the specificity of the MDECG as a diagnostic tool for RVH. However, we cannot use series c to evaluate ECG criteria, since a normal ECG was one of the prerequisites for inclusion in this series. Abbreviations: MRSV = maximum rightward spatial vector (Frank system); RVDA = right ventricular dipole activity.
We would like to point out that some individual patients may appear in both selies a and series b. From all three series for reasons discussed previously,8 patients with bundlebranch block were excluded.
Diagnosis of Right Ventricular Hypertrophy Diagnostic Criteria
The performance of a criterion for some condition is judged in terms of specificity and sensitivity: '" Number of normals that do not exceed criterion Specificity = x 100% Total number of normals Number of abnormals that exceed cliterion Total number of abnormals Although these two quantities give important information, it is desirable to have a single number to summarize the performance of a criterion. We have defined pelformance as (1/2) x (sensitivity + specificity).8 Thus, in evaluating the diagnostic ability of a criterion we will quote sensitivity, specificity, and performance.
Previous Work Using ECG or VCG
The ECG criteria for RVH suggested by Sokolow and Lyon2 are objective and have been widely used. These criteria are listed in table 2 in the slightly modified form given by Roman and associates.'IOther authors have suggested criteria,3 12 but these were less objective and will not be investigated here.
In an autopsy correlation study, Allenstein and Morin3 used groups of 16 patients with isolated RVH and 32 with RV normotrophy (RVN). Mazzoleni and co-workers,'4 give sufficient data on nine cases of RVH and 17 of RVN to enable us to compute sensitivities and specificities for some of the criteria. These authors remark on "the unsatisfactory performance of the electrocardiogram in the diagnosis of RVH." Results from these two papers appear in table 2 and are plotted as solid circles in figure 1.
Taymor and co-workers15 proposed quantitative criteria for the diagnosis of RVH using the VCG, but the authors did not evaluate the sensitivity and specificity of the criteria. Other researchers, such as Cueto and associates16 have studied VCG diagnosis of RVH, but in qualitative terms.
ECG or VCG in Present Series
Most of the RVH criteria of Sokolow and Lyon were evaluated for our series of patients. The results appear in table 2 Many of the patients in the series hac VCGs taken, and the effectiveness ol MRSV as a diagnostic indicator was also uated. For 21 of the patients in series sensitivity was 14%. The results for ser were sensitivity 12% and specificity 88%.
MDECG Diagnosis
Theoretically, the dipole activity (DA any segment of the heart should be pr tional to the weight of muscle in that seg Thus, we expect abnormally high RVDA diagnostic of RVH. Series c was used to establish the critl The mean plus 2 standard deviations for 58 normal subjects was determined. This a value of the RVDA criterion of microampere-meter-second. Values for normal subjects exceeded this criterion, s4 its specificity was 94%. Series c can be uw this way, since there was no selection bas the MDECG. The criterion was then applied to series a and b. For series a the sensitivity was 85%. Using series b the sensitivity was 75% and the specificity 75%. These values are plotted as crosses on figure 1. Abbreviations: n =number of patients; r2 = coefficient of determination; SEE = standard error of the right ventricular systolic pressure estimate; MRSV = maximum rightward spatial vector (Frank system); RVDA = right ventricular dipole activity. 
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The regression line for these data is shown solid. The We have presented two independent measurements of sensitivity, one based on patient series a and one on patient series b. These two sets of patients differ in one important respect, namely that series b has a wider selection of primary diagnoses (table 1) . Thus, in series b we compare, for example, LVH with and without associated RVH. On the other hand, the results based on series a are from patients with comparatively pure RVH. We might expect the sensitivities from series a to be better than those from series b, and this is borne out in table 2. However, series b is closer to the situation met in clinical practice, where the problem is to identify an RV overload in the presence of a variety of other conditions. In extracting results from the literature, we have usually taken pure RVH series and a normal control group, so that these results should be most comparable to our series a results.
Turning now to the diagnostic performance of the MDECG, we find that it is better for series a and c than for series b. For series a and c, the results are superior to those obtained with any ECG or VCG criterion, and in series b the MDECG results are as good as any ECG or VCG result (table 2; fig. 1 ).
Quantitation
It can be seen from table 3 that for series a patients the best ECG or VCG correlation was obtained by using the MRSV (maximum rightward spatial vector). Using this quantity Hugenholtz and co-workers5' 6 obtained e= 76%, whereas our result is r2= 50%. The difference presumably arises from a difference in the patient series: Hugenholtz' group studied children and young adults with pure congenital pulmonic stenosis, whereas we studied adults with a wider variety of conditions. (Note that in neither paper5' 6 did the authors give sufficient data on a control group to enable diagnosis of RVH to be assessed. )
In our series a patients the correlation using the MDECG was r2 = 86%, clearly superior to the best ECG or VCG correlation. This result, together with the superior diagnostic performance of the MDECG indicates that it is a Circulation, Volume XL, November 1969 useful method when applied to such patients.
We noted in the introduction that we were using RVSP as independent evidence of RV condition not because it is intrinsically a good indicator, but rather because no clearly superior indicator was available. At best, RVSP indicates RVMW only in patients with conditions leading to an RV pressure overload. For others, a volume overload of the RV can result in RV enlargement with relatively normal pressures. Thus, if we take patients indiscriminately, we would expect a poor correlation between RVDA and RVSP, even if the RVDA is correctly giving the RVMW.
We have tested this idea on a series of 93 patients which includes all the patients on whom we have both RV pressures and MDECGs. The 27 patients with RV pressure overloads have been extracted to form series a. The results for the remaining 66 patients are shown in figure 4 , together with the regression line for the pressure overloads. It can be seen Right ventricular dipole activity is plotted against right ventricular systolic pressure for 66 patients with conditions other than those causing simple right ventricular pressure overload. The long-dashed line is the regression line obtained for the group with pure right ventricular pressure overload (series a). The fact that the points tend to lie to the low-pressure side of this line is discussed in the text. The short-dashed lines are the upper limits of normal. F that most of the points lie to the low-pressure side of the regression line, which is consistent with the above arguments. Although quantitation is poor for these patients, the diagnostic performance is reasonable (sensitivity, 79%; specificity, 73%; performance, 76%).
